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Abstract
There has been a recent wave of attention given to atmospheric bores in order to understand how
they evolve and initiate and maintain convection during the night. This surge is attributable to
data collected during the 2015 Plains Elevated Convection at Night (PECAN) field campaign. A
salient aspect of the PECAN project is its focus on using multiple observational platforms to
better understand convective outflow boundaries that intrude into the stable boundary layer and
induce the development of atmospheric bores. The intent of this article is threefold: 1) to educate
the reader on current and future foci of bore research, 2) to present how PECAN observations
will facilitate aforementioned research, and 3) to stimulate multidisciplinary collaborative efforts
across other closely related fields in an effort to push the limitations of prediction of nocturnal
convection.
This document is a U.S. government work and
is not subject to copyright in the United States.

BORE-ING INTO NOCTURNAL
CONVECTION
Kevin R. Haghi, Bart Geerts, Hristo G. Chipilski, A aron Johnson, Samuel Degelia, David Imy,
David B. Parsons, Rebecca D. Adams-Selin, David D. Turner, and Xuguang Wang
This article presents a survey of atmospheric bores, their role in the initiation and
organization of deep convection, and a vision for improving the forecast of atmospheric
bores and nocturnal convection through a multidisciplinary approach.

O

n the afternoon of the 10 July 2015 in Hays,
Kansas, during the Plains Elevated Convection
at Night (PECAN) field campaign (Geerts
et al. 2017), the bore group was selected to lead the
evening’s intensive observation period (IOP). The
PECAN forecasters deemed the potential for bore
development medium-to-high based on a theorybased algorithm that characterized the conditions
necessary to develop and sustain a bore. The theoretical parameters of the algorithm were calculated
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from data produced in multiple convection-allowing
models, including experimental ones.
Urgently, the bore lead scientist disseminated the
travel plans for the mobile PECAN Integrated Sounding Arrays (mPISAs), the mobile sounding vehicles,
and the mobile radar trucks through program communication channels. The resulting carefully placed
network of instruments (deemed “the glove” for its
visual resemblance) were positioned to capture transects along multiple segments of the same bore, one
objective of the bore group. Aircraft transects were
made by several platforms: the National Aeronautics
and Space Administration (NASA) DC-8 aircraft
carrying a downward pointing NASA Langley Lidar
Atmospheric Sensing Experiment differential absorption lidar (LASE DIAL) (Browell et al. 1997),
designed to measure water vapor and aerosols along
their flight transects, and the Wyoming King Air
with a compact Raman lidar. Time–height sections
from the ground-based upward pointing profilers
captured horizontal/vertical motion, moisture, and
temperature. Pre- and postbore environments were
sampled with atmospheric soundings and the Kansas
Mesonet recorded changes in temperature, pressure,
and winds.
It required a lot of planning and a little luck, but
the 10–11 July 2015 IOP and other successful deployments during PECAN provided scientists with an
unprecendented new set of data needed to establish
JUNE 2019
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how well do our current theoretical predictions re- phenomenon that is poorly simulated not only in
produce the observed dynamic and thermodynamic models with parameterized convection (Davis et al.
structure of atmospheric bores. For example, cross 2003; Fritsch and Carbone 2004; Clark et al. 2007;
sections through the 11 July bore provide evidence Gustafson et al. 2014), but also in models that permit
that large vertical displacements can occur above convection (Gao et al. 2017; Feng et al. 2018).
the theorized bore height (Fig. 1), as previously
To get a sense of why atmospheric bores have only
documented by Koch et al. (2008a). Additionally, recently received more attention, it is important to
multiple cross sections along the length of the same recognize that bores were first identified over water
bore confirm that remarkably different structures as tidal bores. One of the earliest records of a tidal
and modes can be forced by the same convective cold bore occurred in water and dates back to the eleventh
pool (Fig. 2). As illustrated in Fig. 2, the variability century on the Qiantang River in China. Tidal bores
along the bore was something that was anticipated, commonly form on this river when a cooler incoming
but never before measured.
ocean tide undercuts warmer river water at the river’s
In the face of such heterogeneity and complexity, estuary. The inability of the warmer freshwater to
we ask: What can theory’s few tractable solutions completely override the cooler and salty upstreamoffer? Can numerical models fill the gap, and are they surging ocean water results in a bore that moves
subject to their own mathematical and numerical upstream, at times reaching several meters of height.1
uncertainties? Prior to the International H2O Project Similar tidal bores have been observed in numerous
(IHOP_2002; Weckwerth and Parsons 2006) and estuaries over the globe.
now PECAN, these questions were difficult to posit
It took until the twentieth century before bores
because so little was known about how and when were recognized to also exist in the atmosphere. A
bores assist in the generation and maintenance of convectively induced bore was not identified until
convection. The intent of this article is to bring the night of 16–17 May 1948 in Ohio (Tepper 1950)
needed attention to bores by familiarizing readers during the Thunderstorm Project. A network of
with 1) the future focus of bore research, 2) how 50 surface stations with a typical spacing of 3 km
PECAN observations are currently being utilized was placed in a rectangular area. Station pressure,
to supplement the bore research, and 3) ongoing
and future multidisciplinary collaborative efforts
including in allied basic sciences. As a result, the 1 Chinese lore refers to this crashing bore along the shore as
the Silver Dragon.
effort should push back the limitations of prediction
of nocturnal convection.
Understanding the role of bores
in nocturnal convection over the
Great Plains is strongly in the public’s interest since nocturnal convective systems, in particular mesoscale
convective systems (MCSs), account
for up to 70% of the warm season
precipitation in the Great Plains
(Fritsch et al. 1986). Additionally,
MCSs frequently create damaging
straight-line winds and hail. An
MCS can emerge under weak ly
forced synoptic conditions (Trier
et al. 2010), making their evolution
and predictability more sensitive
to mesoscale phenomena, such
as a bore. Therefore, improving
Fig. 1. Time–height cross section through the 11 Jul bore of aerosol
our representation of bores should
scattering ratios measured by LASE from the NASA DC-8 aircraft.
improve weather and even climate
Changes in the height of the aerosol layers as the DC-8 transects
models, including for instance their
the bore can be loosely interpreted as proxies for layer lifting. The
resolution of the climatological nochighest concentrations of aerosols near the surface are confined to
the stable boundary layer.
turnal precipitation maximum—a
1104 |
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temperature, and wind signatures identified a wave
disturbance leading the arrival of an MCS. It was
not until half a century later that the interaction
between bores and deep convection was studied
again (Carbone et al. 1990; Karyampudi et al. 1995;
Koch and Clark 1999). The first field project to
directly address bores was IHOP_2002, whose data
provided evidence that bores commonly develop
along the outf low of an MCS, and may initiate
convection (Wilson and Roberts 2006; Haghi et al.
2017; Parsons et al. 2018). Other studies have identified the generation of an atmospheric bore, but not
as a result of convective outf lows. Instead, these
studies identified the impetus of bore development

as frontal boundaries extending over the English
Channel (Pothecary 1954), or katabatic flows over
the Gulf of Carpentaria in northern Australia (called
“morning glory”; Clarke 1972; Fig. 3c). Some other
examples are provided in Fig. 3.
Past studies on organized convection captured
two subtle but powerful feedbacks of bores on convective initiation and maintenance. First, idealized
studies (Parker 2008; French and Parker 2010) and
real-time (Blake et al. 2017) numerical simulations
of squall lines have shown that a bore propagating
through the stable boundary layer (SBL) is capable
of lifting unstable air, leading to the development of
deep convective cells that merge into an MCS. In this

Fig . 2. (a)–(f) Vertical transects through the 11 Jul bore of aerosol scattering ratio (ASR) and water vapor
mixing ratio from the lidars aboard the Wyoming King Air at three different times for the same 11 Jul bore
as in Fig. 1. ASR is sampled above and below the aircraft, mixing ratio below flight level only. (g) Map of radar
reflectivity at the time of the third transect, showing the three transect locations (flight tracks) and schematic
location of the MCS at the two earlier times. Variability between transects likely is attributable to changes in
the environmental structure and evolution of the bore: the earliest transect exhibits a small wave, the next one
exhibits a higher-amplitude wave and more turbulence behind the initial wave, and the last transect reveals a
highly turbulent bore with no distinct leading wave.
AMERICAN METEOROLOGICAL SOCIETY
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way, a bore can sustain an MCS. Second, bore lifting
was sufficient to trigger pristine convection by lifting
layers (usually from the upper SBL or even higher) to
their level of free convection (LFC) or by reducing
convective inhibition (CIN) sufficiently for a density
current to trigger convection (Koch et al. 1991; Koch
and Clark 1999). These mechanisms have received
little study until recently.
The 2015 PECAN field campaign was designed
to study multiple aspects of an MCS and its environment, including the low-level jet (LLJ), the
SBL, convection initiation (CI), the microphysics
and dynamics of an MCS, and atmospheric bores.
PECAN took place from 1 June to 15 July 2015 with
an observing strategy that included a large array of
profiling systems and scanning radars, many mobile,
in order to target MCSs over a large domain covering the Great Plains. The instruments on the mobile
and fixed PISAs included a combination of surface
in situ sensors, radiosondes, and passive and active
profiling systems, and provided continuous profiles
of wind, temperature, humidity, and aerosol layers,

at sufficient resolution to dissect bores (Geerts et al.
2017). In total, six IOPs and two unofficial field operations were dedicated to bores, and bores were sampled
during several other IOPs that focused on MCS and
CI processes.
The following are the four bore-centric objectives
that guided the PECAN experimental design:
1) Determine the environmental controls over
initiation, structure, propagation, and evolution of bores, solitons, and other trapped wave
disturbances.
2) Collect data on the initiation and maintenance of
convection as a result of wavelike SBL disturbances.
3) Determine when bores pull away from or remain
an integral part of a density current.
4) Improve bore representation in the convectionallowing models.
ATMOSPHERIC BORES: A PRIMER. Before
discussing the current state of bore research, a bit
of background is in order: What is an atmospheric

Fig. 3. (a) Visible satellite imagery from GOES-16 of an undular bore over Texas with undulations identified
(courtesy of NOAA). (b) As in (a), but for a bore over the Gulf Coast. (c) “Morning Glory” seen from Virgin
Australia flight (courtesy of Virgin Australia, @VirginAustralia). (d) GOES-16 water vapor channel (courtesy
of NOAA). (e) Radar reflectivity images of an undular bore over Oklahoma, (courtesy of Noah Brauer,
@NOAABrauer). (f) Images of a bore developed from a sea/land breeze interaction (courtesy of @Weatherology
Twitter account). Disclaimer: data from GOES-16 data are preliminary.
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bore? It is best to start with
the atmospheric analog in
water, the hydraulic jump,
which the AMS Glossary
of Meteorolog y def ines
as a “sudden and usually
turbulent passage of water
in an open channel from
low stage, below critical
depth, to high stage, above
critical depth.” In the case
of t he atmosphere, t he
water is replaced by a stably
stratified fluid of air adjacent to the ground. In the
AMS definition, “critical”
is defined by whether waves
can propagate upstream,
or if the flow is faster than
Fig. 4. Illustration of (a) a density current moving through a stratified fluid
all wave speeds. The more
of depth h 0 at a speed Cdc , an atmospheric bore, moving at a speed Cb in a
atmospheric relevant inquasi-stable state [according to a Baines (1995) version of hydraulic theory],
ternal wave can arise in a
and a general distortion moving at a speed C 0 – U upstream of the bore; and
stratified flow when a light
(b) a packet of solitary waves moving at a speed C sw as a soliton. The flow in
(a) is divided by its conditional states: supercritical, subcritical, and critical;
fluid, resting underneath
the blue arrows in (a) and (b) indicate fluid flow speeds and the black arrows
a reference atmosphere of
indicate disturbance speeds. The white space above the stratified fluid can
remarkably larger depth, is
be considered the lightest fluid: the reference atmosphere.
intruded by a dense fluid or
a solid obstruction. When
the lighter fluid is unable to completely surmount nonrotating atmosphere.3 Any small distortion will,
the denser fluid (or solid obstruction), is it possible according to hydraulic theory (Baines 1995), separate
to develop an internal bore. Hydraulic theory can be into two parts that move upstream/downstream at
used to determine when blocking occurs. This theory a ground-relative speed ±C0 minus the speed of the
hinges on two important parameters, the Froude downstream-moving background flow U (Fig. 4a).4
number and the nondimensional height (Houghton When determining the criticality of the flow, conand Kasahara 1968; Rottman and Simpson 1989; sideration is given to a distortion moving upstream
Baines 1995).2 The Froude number Fr is a ratio of the against the background flow. If U > C 0, the flow is
kinetic energy available in the lighter fluid divided by considered supercritical; thus, gravity waves are travthe potential energy required to surmount the denser eling upstream slower than the incoming flow, and
fluid. The nondimensional height H is a ratio of the all disturbances are eventually swept downstream.
depth of the light ground-adjacent fluid to the depth Now consider a supercritical flow that encounters an
of the obstruction.
obstruction with height d0 (Fig. 4a). There is a loss of
A typical physical process for the generation its horizontal kinetic energy within the supercritiof a bore is depicted in Fig. 4 and described as cal flow as it is converted to potential energy in an
follows. Consider a stably stratified fluid adjacent attempt to surmount the aforementioned obstruction,
to the ground with a thickness h 0 (Fig. 4a). Such a thereby reducing the horizontal flow speed. The result
stable layer commonly forms at night adjacent to the of this exchange leads to a vertical expansion of the
ground through radiative heat loss in a frictionless, stable layer. When the retarding fluid speed is great
2
3

4

For a schematic, see Rottman and Simpson (1989) and Haghi et al. (2017).
Note that frictionless and nonrotating conditions are assumed to be valid for the development time scale of nearly all bores,
even though direct observation of their effects on an atmospheric bore does not readily exist. For observed Great Plains
weather scales, future studies should consider the effects of friction and Coriolis forces.
—––
C 0 = √g´h0 where g´ is the reduced gravity.
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enough to render the flow subcritical in this upstream
area, a bore will inevitably develop. The bore manifests as a sudden jump where the flow transitions from
supercritical to subcritical (Rayleigh 1914), arriving at
a height h1 (Fig. 4). In the atmosphere, the “obstacle”
and flow may be moving relative to a ground station,
where the bore passage is recorded as a sustained
pressure rise with either a lack or increase in the
temperature at the surface. The temperature changes
occur when warmer air along the top of the SBL
is mixed down to the surface through circulations
inside the subcritical portion of the bore.
Convectively generated cold pools (such as from an
MCS) and other density currents (such as sea breezes
or cold fronts) may develop bores when they intrude
into a SBL of sufficient depth. The nocturnal southerly LLJ, common over the Great Plains in summer,
often generates the northward-moving supercritical
flow. The supercritical flow, as discussed, is a necessary condition for priming the development of an
upstream-moving bore.
Internal gravity waves can arise in the subcritical
regime of the bore as undulations that propagate at
a phase speed according to its wavelength. Highfrequency gravity waves, such as those associated with
an undular bore, that do not leak a significant amount
of energy vertically and instead propagate horizontally for long distances are said to be “trapped” (Scorer
1949). While undular appears to encompass all cases
of bores that appear wavy, such undulations can
quickly amplify to where nonlinear wave steepening5 becomes important. If this nonlinear steepening
balances the effects of dispersion,6 the gravity waves
evolve into a train of amplitude-ordered solitary
waves called a soliton (Fig. 4b). A solitary wave by
definition moves at a speed faster than the critical
flow speed (Christie 1989) and, as a result, move
into the supercritical flow upstream of the transition
between super- and subcritical flow (Fig. 4b). Because
a solitary wave in the supercritical regime is ahead
of the displacement of the SBL by the bore, parcels
5

6
7
8

9
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displaced by a solitary wave that do not saturate return to their original height. While a vertical profile
of the winds would reveal the remarkably different
structure of gravity wave undulations along a bore
and solitary waves, they are difficult to distinguish
using satellite or radar imagery alone (as in Fig. 3).
FUTURE AVENUES OF RESEARCH. Early
results were shared at the first PECAN workshop,7
during the American Meteorological Society conference presentations, and in peer-reviewed articles. The
following topics have been identified as the focus of
future studies regarding the representation of bores
and subsequent generation of convection.
Atmospheric-specific bore theory. Recall that the operations during PECAN analyzed the output from a
theory-based algorithm that used NWP model data
as input to predict whether a MCS would develop
a bore.8 The algorithm was simple: determine if a
density current will generate a bore and a suitable
wave duct is in place (using the parameters Fr and
H from hydraulics and the Scorer parameter from
linear wave theory). An assumption was then applied:
the parameters in the algorithm also hold prognostic
capabilities. The theory-based algorithm required
the following parameters: d0 , Cdc , Δθ (the inversion
strength), and h0 (Fig. 4).9
While the theory-based algorithm performs
well for predicting the development of a bore, it
was not designed to examine when will the onset
of bore-initiated convection occur. Three internal
factors that affect bore-initiated convection are the
depth of the mechanical lifting due to the hydraulic
jump, the amplitude of individual gravity waves
within the subcritical regime, and the resonance
period that a parcel will spend above their LFC. One
limitation is addressed in an observational study by
Toms et al. (2017) that indicates the application of
hydraulic theory can overestimate the height and
speed of a bore by as much as 15% [this range is also

Wave steepening is the process where the deepest portions of the wave move faster than its surrounding fluid and steepens
the profile of a wave toward its leading edge, much like what is observed when an ocean wave approaches a beach.
Dispersion is the separation of waves in horizontal space due to the dependence of a wave’s speed on its horizontal wavelength.
For presentations given during the workshop, visit http://pecan.ou.edu/.
The models utilized for the theory-based algorithm were the National Severe Storms Laboratory Weather Research and
Forecasting (WRF) Model (NSSL-WRF), the University of Oklahoma Multiscale Assimilation and Predictability (MAP) 1-km
deterministic WRF, and the operational version of the High Resolution Rapid Refresh Experimental Model (HRRR). The
models were best suited for the theory-based algorithm because the higher horizontal and vertical resolution theoretically
produces a better representation of the mesoscale outflows.
See Rottman and Simpson (1989) and Haghi et al. (2017) for a full description of how these parameters are used in finding
Fr and H.
JUNE 2019

obtained by Johnson et al. (2018) using the University of Oklahoma Multi-scale Data Assimilation and
Predictability Laboratory (OU MAP) 1-km deterministic model], which will inevitably impact the
depth of the mechanical lifting and the resonance
period. While 15% may be inconsequential in very
convectively unstable/stable environments, there is
an intermediate range of environments where the
small error will impact the uncertainty of prognostic results. Additionally, hydraulic theory does not
provide an estimate of the magnitude of the vertical
motion within or above the bore because hydraulic
theory patches the subcritical and supercritical flow
together through introducing a nonaccelerating
discontinuity at the jump. The discontinuity makes
a mathematical depiction of the vertical motion in
two-layer hydraulic theory impossible. Therefore,
any attempt to calculate the vertical motion would
be purely heuristic, and would give no information about the motion of air above the bore since
hydraulic theory assumes a neutral reference layer
atop the SBL.
To be more relevant, theoretical research should
be focused on four key aspects that are inadequately
handled with current theory (Fig. 5): the height and
speed of a density current, the non-steady-state evolution of a bore, the impact of stability above the wave
duct on weakly nonlinear wave solutions, and the
interaction of bores with tropospheric gravity waves.
Theoretical descriptions of density currents are
a challenge to generalize for the atmosphere (e.g.,
evolution of the density current shape and speed with
time in a complicated environment). However, comparisons between numerical and simplified analytical
models are useful tools to provide insight for improvements to a more atmospheric-specific analytical
model (e.g., White and Helfrich 2012). As a measure of
improvement, a new analytical model should include
estimations of d0 and Cdc in an atmosphere with varying stability and winds, since d0 and Cdc are parameters that determine if a bore will form (Figs. 4 and 5).
The two most current atmospheric theoretical models
of density currents to date are valid under environmental conditions with shear (Bryan and Rotunno
2014) or varying stratification (White and Helfrich
2014) with energy dissipation taken into account. Yet,
neither of these analytical models allows for jetlike
profiles of wind within complex profiles of stability,
common attributes of the Great Plains environment.
Because an elegant analytical model for these conditions may not exist, analysis of numerical models may
often need to supplement theory. Idealized sensitivity
studies of density currents intruding into observed
AMERICAN METEOROLOGICAL SOCIETY

Fig . 5. An illustration of the uncertainty that exists
in predicting the typical bore/soliton life cycle. The
dotted lines identify areas of uncertainty in the speed
and shape of a density current, the growth of the atmospheric bore, the soliton, and the upward propagating
gravity waves above the wave duct. Time progresses
from left to right, starting with the spreading of a
density current, the development of the bore, and the
evolution into a soliton.

environments during PECAN are underway using a
numerical model (Cloud Model 1).10
Assuming that present theory on density currents
can perfectly capture the shape and speed of a density
current, the speed and shape are only valid if the
density current is in a quasi-steady state, ignoring
the evolution due to changing conditions (Fig. 4).
Subsequently, because predictions based on bore
theory are dependent on an accurate characterization
of the density current, it is necessary to incorporate
time-dependent solutions for a density current.
Successful time-dependent density current theory
will lead to proper evaluation of how changes to a
bore ahead of an actively convective side of an MCS
modulate the MCS’s strength and propagation speed.
Numerical solutions of bores in nocturnal environments, such as those of French and Parker (2010) and
Blake et al. (2017), will be crucial to developing a corresponding unsteady bore state solution.
Results using variations of weakly nonlinear
theories—such as Korteweg–deVries (KdV; Miles
1980), Benjamin–Davies–Ono (BDO; Christie
1989), and Dubreil–Jacotin–Long (DJL; White and
Helfrich 2014)—depict a more complete, yet idealized account of the evolution from a bore to a packet
of solitary waves. Solutions to KdV and BDO exist
for environments that possess varying stratification
within a wave duct [using KdV (Lamb and Yan 1996)
10

Cloud Model 1 is available for download at www2.mmm
.ucar.edu/people/bryan/cm1/.
JUNE 2019

| 1109

or DJL (White and Helfrich 2012)] and with linearly
varying shear included [using KdV and BDO
(Rottman and Einaudi 1993) or DJL (Stastna and
Lamb 2002)], but with a wave duct contained below
a deep neutral layer that prevents wave radiation. In
the atmosphere, the longevity of these solutions will
be affected by stratification present above a wave
duct through wave radiation (Noonan and Smith
1985; Maslowe and Redekopp 1980) (Fig. 5), and improvements should focus on solutions that account
for a varying stratification profile. Additionally,
these solutions avoid the complication of a curved
wind profile, which is commonly observed in the
presence of the Great Plains NLLJ. Last, critical layers mark a level in a fluid where its speed is equal to
a traveling wave. Critical layer solutions do exist for
solitary waves (e.g., Maslowe and Redekopp 1980)
when it is assumed that the nonlinear contributions
are much larger than viscous or thermal diffusion
within the layer. Future studies should focus on incorporating all the complications of the atmosphere
into a more generalized nonlinear solution or family
of nonlinear solutions that encapsulate all possible
bore states.
A particularly frequent source of wave energy
in the nonneutral layer above a wave duct is lowfrequency, deep tropospheric gravity waves generated
by modulation of the latent heating/cooling profiles
(Nicholls et al. 1991; Lane and Reeder 2001; AdamsSelin and Johnson 2013). As the convection matures,
low-level melting and evaporative cooling rates increase (Gallus and Johnson 1991), generating gravity
wave modes (i.e., n = 2, 3, where n refers to twice a
wave’s vertical wavelength, 1 and 3/2 respectively;
Mapes 1993) that move more slowly than their n = 1
counterpart away from the system with net upward
motion in the lower levels of the troposphere.11 This
net upward motion results in cooler, moister low
levels that are more favorable to additional convective
development (Mapes 1993; Fovell 2002; Fovell et al.
2006; Adams-Selin and Johnson 2010, 2013).
Microphysical low-level cooling within convection is a causal factor for both the cold pool and the
low-frequency gravity waves; the strength, speed,
and depth of the cold pool directly impacts bore
generation. Therefore convection can generate both
low-frequency gravity waves and bores at the same
time. Recent studies show that tropospheric gravity waves and a bores have overlapping ranges of
speeds. The bores from IHOP_2002 examined by
11
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Haghi et al. (2017) had a median velocity of approximately 11 m s–1, with only a few peak speeds reaching
over 20 m s –1. Given stratification, wave speeds
corresponding to n = 2 or n = 3 wave modes would
be approximately 15 and 10 m s–1, respectively. Thus,
while bores are the result of a change in the SBL flow
regime from supercritical to subcritical due to the
intrusion of a convective outflow, and tropospheric
gravity waves are a manifestation of the heating
profile of the convection, it is likely that convection
could generate tropospheric gravity waves and bores
simultaneously. Moreover, both tropospheric gravity waves and bores move at similar speeds and both
act to decrease static stability by lifting the lowest
levels of the atmosphere. Current theory does not
address how these two phenomena interact. Future
numerical modeling studies should aim to isolate and
understand how each phenomenon contributes to
the complex patterns in the prestorm environment.
The four previously discussed improvements
to theory will be a challenge to incorporate into
weather prediction models. First, bores are a challenge to observe in the field because the current
network of vertical profilers is sparse. Second, surface
observations, while relatively abundant, can only
approximate the nature of a density current or bore/
wave based on assumptions of hydrostatics. While
current weather prediction models can supplement
the lack of observations, the evolution of the bore in a
numerical weather prediction model is very sensitive
to the choice of the microphysics and boundary layer
schemes. Therefore, an emphasis should be placed on
evaluating the benefit of a dense network of vertical
profilers that can observe atmospheric bores.
Integrating a prof iling observational network. The
PECAN campaign was designed to sample bores,
obtaining both horizontal and vertical transects (e.g.,
Figs. 1, 2, and 6). While the observational platforms
did indeed obtain data to meet the PECAN bore objectives, these data will also be used to direct future
endeavors toward a more realized bore-conscious observing network. As of now, an appropriate network
should have the capacity to characterize the SBL (h0
and Δθ), observe the speed of the leading jump (Cb )
or solitary wave (Csw), sample the expansion of an SBL
by a bore and its indirect displacement above an SBL
(h1), sample the wind circulations and temperature
profile inside the subcritical regime or soliton, and,
if possible, observe the speed Cdc and depth d0 of the

Previous studies have found an overall net upward displacement of lower levels after passage of n = 1, 2, and 3 waves (Lane
and Reeder 2001), but the interaction of multiple low-frequency gravity wave modes is an area of active research.
JUNE 2019

convective outf low that
generated the bore. Refer
back to Fig. 4 for a depiction of these parameters.
Scanning precipitation
radars, such as the National
Weather Service Weather
Surveillance Radar-1988
Doppler (WSR-88D) systems, are able to observe
“fine lines” in the radar
back scat ter. T hese a re
narrow regions of enhanced
clear air echoes due to convergence in the boundary
layer (Russell and Wilson
1997; Haghi et al. 2017;
Wilson and Roberts 2006),
and can be used to estimate
Cdc , C b , and C sw . In fact,
density currents, bores,
and solitons can all exhibit
a train of multiple fine line
clear-air echoes in radar
ref lectivity. The multiple
fine lines are assumed to
be oscillations caused by
g rav it y waves (Wi lson
and Roberts 2006; Haghi
et al. 2017), either along
the interface of a stratified
region density current or
undular bore (e.g., Mueller
et al. 2017), or by nature of
the soliton itself. The radar
echoes are generally due to
insects (Wilson et al. 1994),
even at night (Martin and
Shapiro 2005). While there
should be recognition of
the undulations, speed calculations should focus on
isolating the jump or density current head, because
a gravity wave will have
a phase speed that is not
necessarily equal to the
bore or density current
speed (Baines 1995). Since
these clear-air echoes are
quite weak, a Next Generation Weat her Radar
(NEXRAD) and S-band

Fig. 6. Illustration of an undular bore emerging from an MCS cold pool. (a)
Mosaic of WSR-88D reflectivity at 0925 UTC. The red dot shows the location
of the profiling systems analyzed in the remaining panels. (b) Horizontal wind
speed and (c) direction from the Doppler lidar (2-min resolution). (d) Temperature and (e) humidity retrieved from a collocated AERI (2-min resolution).
The profilers were located at the National Weather Center in Norman, OK.
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dual-polarization Doppler radar (S-Pol) reflectivity composite was developed that kept weak echoes
while removing anomalous signals like ground clutter
(Hubbert et al. 2009). In the case that the lofted layers
are humid enough, then bores may be seen also as
cloud lines in satellite imagery (e.g., Goler et al. 2006).
Instruments which capture the vertical layering of
the atmosphere are very useful for determining h0, h 1,
and d0. Radiosondes are capable of observing h0 but
are incapable of measuring time evolution and are
rarely released during the night. Instead, to capture
the vertical structure of a prebore environment and
the bore, a backscatter lidar detects aerosol layers, and
as aerosols are very small they often serve as tracers
of atmospheric motion. Thus, a backscatter lidar is
able to provide measurements of h0 and d0 with time
(Koch et al. 2008a; Mueller et al. 2017), and also the
vertical displacement induced by the bore and hence
h1. However, preference should be given to Doppler
lidars, which not only observe aerosol layers like a
backscatter lidar but also measure the Doppler shift
of the backscattered signal to obtain the horizontal
and vertical motions along with turbulence using a
scanning strategy that includes scanning in elevation
and azimuth (e.g., Berg et al. 2017; Fulton et al. 1990).
There were multiple backscatter and Doppler lidars
deployed during PECAN, both on the ground in the
fixed and mobile PISAs and on the aircraft.
To measure the SBL inversion strength (Δθ) along
with thermodynamic changes due to the passage
of a bore, studies show that employed atmospheric
emitted radiance interferometers (AERIs; Toms
et al. 2017; Mueller et al. 2017) and microwave radiometers (Knupp 2006; Coleman and Knupp 2011)
are quite useful. The AERIs measure downwelling
spectral infrared radiance, from which profiles of
temperature and humidity are retrieved (Turner and
Löhnert 2014). Similarly, thermodynamic profiles
can also be retrieved from the observations made
by microwave radiometers, which measure downwelling microwave radiation at multiple microwave
frequencies (Solheim et al. 1998). Both of these passive
remote sensors are able to provide thermodynamic
profiles through the boundary layer at high temporal
resolution (better than 5 min). However, the vertical
resolution of the profiles retrieved from these passive sensors is coarse relative to lidars (Löhnert et
al. 2009; Blumberg et al. 2015). In addition to AERIs
and microwave radiometers, water vapor profiles
across bores have been measured using Raman lidars
(Koch et al. 1991; Demoz et al. 2005) and differential absorption lidars (DIALs) (Koch et al. 2008b).
Recent advances in micropulse water vapor DIALs
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using diode-based laser transmitters (Spuler et al.
2015) are very promising as the water vapor profiles
measured by these systems have higher accuracy and
resolution than passive remote sensors (Weckwerth
et al. 2016; Weckwerth and Parsons 2006). However,
these micropulse DIALs require aerosol particles to
backscatter the outgoing laser radiation toward the
receiver, and thus the signal-to-noise often drops
precipitously above the residual layer due to the relative lack of aerosol particles.
These profiling systems used during PECAN have
revealed aspects of bore evolution, vertical structure,
and layer displacements that cannot be accommodated by hydraulic theory. For instance, in multiple
cases the second wave crest was persistently higher
than the first wave crest (Toms et al. 2017; Mueller
et al. 2017; Grasmick et al. 2018). In many cases, wave
energy appears to dissipate into turbulence behind the
second wave. Observations such as these pose needed
challenges to theories and models, thereby improving
our ability to forecast their evolution and impacts.
PECAN observations are also useful to explore
how a bore triggers new convection. As an example,
the bore in Fig. 6 produced sufficient lift for CI, but
the resulting deep convection was rather benign and
scattered because ultimately the middle troposphere
was too dry to maintain the convection. Assessing
not only the moisture content of the atmosphere,
but also the elevated convective available potential
energy (CAPE) and convective inhibition for specific
source layers within/above the SBL (e.g., Grasmick
et al. 2018) requires accurate temperature and water
vapor profile observations. AERIs are able to make
reasonably accurate water vapor measurements in the
lowest 1–2 km above the ground, but the information
content decreases markedly above this level (Turner
and Löhnert 2014). Additional observations, such as
those from a water vapor lidar, can be included in the
AERI retrieval to improve its information content and
accuracy above 2 km (Turner and Blumberg 2019).
The PECAN field phase was limited to a 1.5-month
period in the Great Plains. Ultimately, an operational network of continuous wind and thermodynamic profiling sensors should be explored. The U.S.
National Academies proposed that an operational
network of profiling systems be developed across
the United States, at an initial resolution of ~400 km
(National Research Council 2009). Such a network
would facilitate data assimilation (DA) efforts, allow
description of the full range of bore properties and
bore climatology, and yield further insight into the interaction of bores and deep convection, such as the relation between the characteristics of the ducting layer

in the prebore environment and the magnitude of the
bore lift. Traditionally, the Scorer parameter, which
is used to identify ducting layers (e.g., Koch et al.
2008a), has been computed from radiosonde observations. Radiosondes have excess vertical resolution
for this purpose, and typically lack time resolution.
Both issues can be addressed by the combined use of
remotely sensed thermodynamic (e.g., AERIs) and
kinematic (e.g., Doppler lidar) data, as demonstrated
in Toms et al. (2017) and illustrated in Fig. 6.
DA techniques for optimal bore resolution. The purpose
of DA is to push a model state toward a more accurate depiction of the atmosphere by incorporating
observational data (Houtekamer and Zhang 2016;
Bannister 2017). DA advances have significantly contributed to improvements in model forecast skill (e.g.,
Johnson et al. 2015). Obtaining a more accurate model
state requires the assimilation of varying scales. For
example, large-scale observations are necessary to
capture the forcing mechanisms and thermodynamic responsible for convection, while finer-scale
observations are required to precisely resolve the

SBL structure that allows for the outflow to generate
a bore. Forecast systems and their DA operational
models have been designed neither to specifically
assimilate data from profiling systems, such as those
used during PECAN (varying spatial density, varying
uncertainty with height, high temporal resolution)
nor to resolve bores (i.e., horizontal scales ~10 km;
sharp vertical gradients). Based on PECAN observations, research is ongoing to learn how to optimally
assimilate these observational data. As an example,
Fig. 7 juxtaposes observations with preprocessed and
non-preprocessed simulations and demonstrates that
preprocessing and testing can significantly improve
the forecast of a long-lived MCS. This finding is in
part due to the better analysis and forecast of both the
convection that ultimately grows into this MCS and
the boundary layer characteristics that influence the
bore that helps in maintaining the MCS. The bore is
depicted realistically only when the observations are
meticulously preprocessed prior to being assimilated.
NWP models can better simulate a bore if the
SBL, LLJ, and parent MCS (including the life cycle of
the convectively induced density current) are more

Fig. 7. (a),(b) Observed base reflectivity from KSGF and (c)–(f) simulated composite reflectivity for a
mesoscale convective system in western Missouri and valid at (a),(c),(e) 0800 and (b),(d),(f) 0930 UTC
26 Jun 2015. Also overlaid in (c)–(f) are 850-hPa vertical velocity contours of +0.5 m s –1. Both forecasts
in (c)–(f) were initialized at 0130 UTC 26 Jun 2015 after 21 h of data assimilation on an outer 12-km
domain, followed by 4.5 h of data assimilation on an inner 4-km domain centered over the PECAN
region. Only conventional in situ and PECAN observations were assimilated on the outer domain,
whereas conventional, PECAN, and radar observations (reflectivity and radial velocity) were assimilated
on the inner domain. Meticulous preprocessing steps for all PECAN observations were only applied to
the simulations in (c) and (d).
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Table 1. Bore amplitude and speed along the
black lines in Fig. 6. The bore amplitude is h1/h0 as
defined as the height of the bore h1 over the height
of the stable surface inversion h0 .
Experiment

Strength

Speed (m s−1)

Baseline

1.81

8.10

ALLIOP

1.55

6.48

DENYsfc

1.52

5.56

DENYprof

1.46

4.71

DENYsond

1.32

7.45

DENYaeri

1.30

6.48

Observation

1.42

5.90

because of ensemble covariance localization.12 The resulting analysis may yield dynamical inconsistencies
and therefore DA improvements may be short-lived.
Also, model biases and poorly sampled random errors
in an MCS, cold pool, ambient stratification, and
LLJ can all lead to a suboptimal use of observations
(Sobash and Stensrud 2015), which is problematic for
bore analyses and forecasts.
Resolution of bores in numerical weather prediction. The
OU-MAP laboratory at the University of Oklahoma
generated real-time convection-permitting ensemble
forecasts during the PECAN field phase to provide a
baseline for determining the impact of assimilating
PECAN observations on numerical weather prediction (NWP). The ensemble forecasts were configured
for the specific focus on convection (Johnson and
Wang 2017; Johnson et al. 2017) and provided a

accurately represented. This dependence is evident
in a DA experiment simulating the 11 July bore IOP.
Comparisons between PECAN observations and the
model simulation indicate that assimilation of different types of PECAN special observations has differ- 12Ensemble covariance localization is an ad hoc technique,
ent positive impacts on the bore forecast, including
common in ensemble based DA, that artificially limits
impacts on the bore speed and amplitude (Table 1)
the ability of observations to correct the model at distant
and the overall qualitative bore structure (Fig. 8,
locations. Thus, the technique is necessitated by the finite
Table 1). This DA experiment will be systematically
ensemble size creating sampling errors in the ensemble corexpanded to include ~10 PECAN bore cases, and to
relations that contaminate the comparatively small signal
investigate the relative merits of each type of PECAN
that is typical of locations far from the observation location.
A good reference is Kondo and Miyoshi (2016).
observations. A separate ongoing study focuses on
assessing the impact of
PECAN observations not
just on bore evolution, but
also on the downstream
impacts of a bore on new
and sustained convection
(Chipilski et al. 2018b).
Together, these studies will
help guide the design of
future observation networks in order to include
adequate sampling of bores
and their mesoscale environments.
There are at least two
other relevant bore-related
DA challenges. The first
one is the lack of observations to capture the full spatial, vertical, and temporal
extent of bores. While the
assimilation of sparse observations may improve the
analysis of bores locally, the
Fig. 8. Vertical velocity (m s –1) at 1 km AGL for each of the experiments deunobserved regions may
scribed in the first section and in Table 1. The thick black line on each panel
remain largely unimproved
is the cross section used to calculate the values in Table 1.
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starting point for identifying outstanding challenges
for improving the numerical simulation of bores. To
date, bores have not been the focus of past efforts to
design and tune NWP model grid and physics configurations. Finite horizontal and vertical resolution
limits the realism of simulated bores. Ongoing WRF
large-eddy simulations of multiple PECAN bore
cases will help us understand the upper bounds of
horizontal and vertical grid spacings that are sufficient to resolve bores and their interaction with deep
convection (Johnson and Wang 2019).
Physical parameterization schemes, especially
microphysics (MP) and planetary boundary layer
(PBL) schemes, are utilized in models to represent
subgrid-scale interactions. In regards to an atmospheric bore, the wave speed, wavelengths, and
amplitude will be compromised by the inability of a
scheme to properly resolve the subgrid-scale interactions. For example, most of the PBL schemes are
designed to reproduce ambient stratification with
no regard to the turbulence occurring in the wake
of bores (Koch et al. 2008a). Studies are ongoing to
better understand the relative merits of different PBL
schemes for simulating bores, to examine bore processes on scales of ~100 m, and the upscale impacts
of directly resolving such processes using large-eddy
simulations (LES). Density current formation and
movement in models are dependent upon the choice
of the MP scheme, which implies that bore formation
and evolution are also dependent on the MP scheme.
Johnson et al. (2018) confirmed that MP schemes do
indeed change the representation of bores in a 11 July
PECAN IOP case study.
Coarser grids in larger-scale, longer-forecast models require a parameterization of the processes maintaining convection including cold pools, bores, and
gravity waves. Accurate parameterizations of these
processes in global models also require representation of the uncertainty through the use of stochastic
physics (e.g., Leutbecher et al. 2017). The parameterization of bores stands at a level of complexity on top
of the preexisting problem of properly parameterizing
convective cold pools (generally assumed to occur
within a single column of the model, e.g., Moncrieff
2010; Garcia-Carreras et al. 2013).
An objective methodology for the detection and
verification of bore forecasts, both explicitly resolved
and in bulk, is needed. Despite the large volume of
observations collected as part of the PECAN field
campaign, the construction of spatially and temporally continuous bore composites against which the
quality of models can be evaluated is challenging.
Observations typically sample only a small region of
AMERICAN METEOROLOGICAL SOCIETY

Fig . 9. Object-based algorithm for the identification
and tracking of convective outflow boundaries. (a) The
application of the object-based algorithm to a 1-km
WRF simulations over the northern Great Plains. The
blue (red) color shading marks object regions where
∆T 2m < –1 K (15 min) –1 [∆T 2m ≥ 0 K (15 min) –1] and aims
to classify the identified objects into density currents
(bores). The gray color shading indicates regions where
∆T 2m ∈ (–1, 0) K (15 min) –1 and marks those parts of
the identified objects that cannot be unambiguously
classified into density currents or bores. (b) Display
of how the fractional areal coverage of the three ∆T 2m
categories changes with an increasing forecast lead
time. The dotted vertical lines indicate the plotting
times of the convective outflow boundaries from (a).

the bore, while ground-based radars reveal little or no
information about the vertical structure of the bore.
The limited nature of these observations motivates
the development of an object-based algorithm that
can be used for bore detection and verification
(Chipilski et al. 2018a).
Forecaster participation. While it is difficult to generalize the knowledge of all forecasters, one thing is
clear: there exists no systematic routine to quantify
the role of bores in CI. This became evident leading
up to PECAN, when National Weather Service
(NWS) offices located within the PECAN domain
participated in the experimental design; and during
PECAN when several forecasters provided forecast
and nowcast guidance at the PECAN operations
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center throughout the campaign. In fact, the consensus among forecasters participating in PECAN was
there exists a lack of familiarity on what exactly bores
are and how can they be predicted. Therefore, it seems
appropriate to offer operational forecasters training
on bore dynamics, and then forecasters can inform
the public of thunderstorms and possibly hazardous
weather for aviation.
While education is crucial, forecast tools that can
be adapted to use special soundings or model output
will be tantamount in a quantitative analysis. During
PECAN, operational and academic forecasters at the
operations center had little confidence in their forecasts of suitable low-level stratification for gravity
wave ducting, and of bore-induced CI, because the
theory-based algorithm used had yet to be operationally tested. Even if the theory-based algorithm
provided a perfect prognostic measure, uncertainty
would still exist in the prediction of MCSs, which
provide the cold pool necessary for bore formation.
For example, it is well known that especially in weakly
forced conditions, MCS prediction even at time scales
 24 h is very sensitive to initial conditions and
model physics choices (Weisman et al. 2015). Despite
these challenges, PECAN forecasters made significant
progress during the field campaign.
To make bores an integral part of the operational
weather forecasts, three algorithms for have been
developed using both observational and model data:
a theoretical algorithm to predict the bore evolution,
an object-based algorithm to identify and track developed bores in numerical models, and a heuristic
algorithm that predicts the onset of bore-initiated
convection. The theoretical algorithm combines
hydraulic and linear wave theories to predict bore
initiation and maintenance from surface observations and kinematic/thermodynamic profilers. This
algorithm was used during PECAN and assisted in
determining the optimal sampling strategies during
bore IOPs (Geerts et al. 2017). A limitation on the
theoretical algorithm was the need to manually define
the properties of a density current and the accompanying ambient environment. To avoid the introduction of unnecessary biases due to forecasters’ input,
Chipilski et al. (2018a) developed an improved objectbased algorithm capable of objectively analyzing
bores using output from convection-permitting
simulations. In addition to performing a theoretical
bore analysis based on hydraulic and linear wave
theories, the object-based algorithm identifies and
tracks explicitly resolved bores alongside resolved
density currents. The object-based algorithm’s ability to determine the morphology of a numerically
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JUNE 2019

simulated convective outflow boundary and track
this boundary throughout the model forecast is depicted in Fig. 9. In particular, Fig. 9b shows that the
relative frequency of points experiencing an increase
in surface air temperature upon boundary passage
increased from 10% to 60% during the chosen 3-h
forecasting period, suggesting that the tracked convective outflow boundary changes its morphology
from a density current to a bore.
Tracking a bore in model space is an important
platform on which diagnostics can be performed
to predict the initiation and maintenance of boreaided elevated convection. Diagnostic variables
should include bore-induced maximum lift, as well
as CAPE and CIN as function of layer source height
(e.g., Grasmick et al. 2018). Accordingly, the objectbased algorithm was further extended to calculate the
propagation speed and strength of explicitly resolved
bores. It is envisioned that a heuristic algorithm
will use the object-based algorithm to approximate
whether a convectively generated bore is able to lift
air parcels to their LFC based on the simulated or
observed bore speed and strength. Parcels that trace
out a volume of air that is now freely buoyant should
be suitable to indicate where CI or new convective
cell growth is happening. Such model-based guidance will help forecasters anticipate pristine CI or the
longevity of an MCS.
The tools outlined in this section represent an important step forward toward increasing the awareness
of how bores impact convection. These tools need to
be tested and refined before they can be utilized in
everyday forecasting operations.
VISION OF BORE RESEARCH. The PECAN
dataset is a rich resource for improved understanding
of atmospheric bores and prediction of bore’s evolution and interaction with deep convection. Our vision
for further bore research contains the following three
strategic elements.
First, research should focus on improving the
aspects of convection-permitting NWP models to
properly resolve key bore properties (amplitude,
strength, vertical velocity). One target, which is
already ongoing, is to understand how improvements
such as enhanced lower tropospheric vertical resolution may improve simulation of such bore properties.
Model parameterization schemes should also become
the focus of bore research, as experimental simulations have shown that bore formation, structure, and
evolution are highly dependent on model parameterizations, especially the PBL and microphysics
schemes. For medium-to-long-range forecast models,

which parameterize convection, parameterization
schemes should be developed that function in coarseresolution model space (such as PBL height, wave duct
height, and convective precipitation) as a proxy for
the development of bores.
Second, an emphasis should be placed on DA
studies that evaluate the impact of a Great Plains
network of vertically profiling instruments and
supplementary observations, as suggested by the
U.S. National Academies (National Research Council
2009). During PECAN, the PECAN Integrated
Sounding Array (PISA) network contained a diversity of complementary experimental remote sensors,
each with its own limitations (Geerts et al. 2017). A
robust DA scheme should be able to use observations
from this diverse range of sensors to improve the
initial conditions in the model. From the perspective
of bore research, the benefits of such network could
be extensive. It could provide a characterization of
the full spectrum of density currents and bores, and
the environments in which they evolve. A benefit
of observing various bores and density currents
is permitting validation of theoretical models of
atmospheric bores (bore height, strength, speed,
turbulence development, etc.) as a function of ambient stratification and wind shear. Moreover, an
operational profiling network will allow forecasters
to monitor not just the horizontal structure (radar
fine lines) but also the vertical structure of a bore
(bore strength, bore lifting, etc.), thus allowing them
to be more informed about the potential for CI and/
or MCS maintenance (K. Haghi et al. 2018, unpublished manuscript). Looking toward the future, the
multitude of bore observations from an operational
network could provide a training dataset for ingenious machine learning algorithms (e.g., Gagne et al.
2017). The benefit of a machine learning algorithm
is that there is no need for predefined identification
variables and their corresponding global thresholds,
unlike in the object-based algorithm. This would
allow for the flexibility to learn the key characteristics of the mesoscale environment and cold pools
that drive bore development.
Third, bore research will benefit from multidisciplinary efforts that combine a diversity of perspectives (theory, instrument development, observations,
data assimilation, numerical modeling, and forecasting), as was the essence of PECAN. These kind
of cross-collaborations have been successful in the
meteorological field in the past. For instance, atmospheric bores were researched by scientists trained in
theoretical and experimental fluid mechanics (e.g.,
Smith et al. 1982; Christie 1989), and the AERI, which
AMERICAN METEOROLOGICAL SOCIETY

has proven to be extremely useful for capturing the
vertical structure of bores, was initially designed to
improve spectral infrared radiative transfer models
(Turner et al. 2016). Future improvements to theory
will require observations in what is typically a highly
nonlinear, unsteady environment with laminar and
turbulent regions. More sensitive instruments and
observational networks are needed to effectively
capture bores. These tasks require the collaboration
of engineers, experts in radiative transfer, data integration efforts, and observational meteorologists.
Additionally, theoreticians must work closely with
forecasters and research meteorologists to develop
algorithms like the ones previously mentioned. This
includes the development of tools in an idealized
model and testing them in a forecasting setting.
This three-pronged approach will be needed to
solve one of the most challenging and elusive aspects
of nocturnal convection—the atmospheric bore—and
to improve prediction of associated weather hazards,
CI, and MCS longevity.
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